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The insect sex peptide (SP) elicits a variety of biological responses upon transfer to the mated
female. SP contains 36 amino acids, including a tryptophan-rich N-terminal region, a central region
containing ﬁve hydroxyproline (Hyp) residues, and a C-terminal region enclosed by a disulﬁde
bridge. The solution structure of SP, studied here using NMR spectroscopy, includes a motif WPWN
that adopts a type I b-turn in the N-terminal Trp-rich region. This turn region is connected to the
central Hyp-rich region, which adopts extended and/or PPII-like conformations. The C-terminal
disulﬁde-bonded loop populates helical turns or nascent helical structure. Overall, the results reveal
a rather ﬂexible peptide that lacks a compact folded structure in solution.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The peptide hormone known as sex peptide (SP) is produced in
seminal ﬂuid of the male fruit ﬂy (Drosophila melanogaster), where
it elicits a variety of responses upon transfer to the mated female.
These include changes in female sexual behaviour (oviposition and
receptivity), as well as food intake, egg production, Juvenile hor-
mone (JH) synthesis, ovulation, and antimicrobial peptide synthe-
sis [1,2]. Thus SP probably interacts with several different
receptors. One of these receptors was shown recently to be a G-
protein coupled receptor (GPCR) called the sex peptide receptor
(SPR) or CG16752 [3], which is located in various parts of the insect
neuronal and ovarian systems [4]. The interaction of SP with SPR
was shown to be responsible for eliciting oviposition and reduction
of receptivity [3]. A different insect GPCR called Methuselah, which
is associated with longevity, is also activated by binding to SP but
the physiological relevance of this interaction remains unclear [5].
In addition, SP has been shown to elicit a systemic and epithelial
innate immune response involving the production of the insect
antimicrobial peptide drosocin, suggesting that SP may interactchemical Societies. Published by E
).with pattern recognition receptors in the innate immune system
of the insect [6,7].
The secreted mature SP contains 36 amino acids, including a
tryptophan-rich N-terminal segment, a central region containing
ﬁve hydroxyproline (Hyp) residues, and a C-terminal region en-
closed by a disulﬁde bridge (Fig. 1) [8,9]. The Hyp was shown to
be (2S,4R)-4-hydroxyproline by comparison to a synthetic stan-
dard [9], and is consistent with the ability of all known prolyl-4-
hydroxylases, including that from D. melanogaster, to incorporate
the hydroxyl group in the R-conﬁguration. The biological functions
of SP appear to be mediated by speciﬁc parts of the peptide [6].
Thus SPR interacts with the C-terminal disulﬁde-bridged loop, as
this is the region needed for binding of SP to the nervous system
and genital tract of females, and the same region is also essential
for eliciting oviposition and reduction of receptivity [10,11]. The
amino-terminal portion of SP is essential for inducing the synthesis
of JH and for binding to sperm [12], whereas the Hyp-rich central
region is an elicitor of the innate immune response, perhaps acting
by chemical mimicry of sugar components of the bacterial cell wall
[6].
In this work, we investigate the conformational behavior of SP
using NMR spectroscopy in water and water/triﬂuoroethanol
(TFE) solution. Information about the structure of SP in solution
is of interest in understanding how this peptide hormone mightlsevier B.V. All rights reserved.
Fig. 1. The sequence of SP. The normal single letter amino acid code is used, except
for O⁄ = trans-L-4-hydroxyproline. The regions associated with speciﬁc biological
responses are also shown (JH = juvenile hormone).
1198 K. Moehle et al. / FEBS Letters 585 (2011) 1197–1202interact with various different receptors in the insect nervous,
ovarian and immune systems.
2. Material and methods
2.1. Peptide synthesis
SP was synthesized on an Applied Biosystems peptide
synthesizer ABI 433A using standard Fmoc chemistry. The
following side-chain protected amino acids were used for
the synthesis: Fmoc-Ala-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asp(tBu)-
OH, Fmoc-Arg(Pbf)-OH, Fmoc-Cys(Trt)-OH, Fmoc-Glu(tBu)-OH,
Fmoc-Gly-OH, Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH,
Fmoc-Phe-OH, Fmoc-Hyp(tBu)-OH, Fmoc-Ser(tBu)-OH, Fmoc-
Thr(tBu)-OH and Fmoc-Trp(Boc)-OH. Fmoc deprotection was
performed using 20% piperidine in NMP. Coupling reactions were
carried out using HBTU/HOBt (4 equiv) in DMF and DIEA (8 equiv)
in NMP. The activated amino acids (4 equiv) were coupled for
30 min. Cappingwasperformedat the endof each cycle using a solu-
tion of HOBt (0.015 M), Ac2O (0.5 M) and DIEA (0.125 M) in NMP.
SP was assembled on 2-chlorotrityl resin preloaded with Fmoc-
Cys(Trt)-OH (0.24 mmol, 0.4 mmol/g, 600 mg). At the end of the
synthesis, the peptide was cleaved from the resin and deprotected
in a solution of TFA/EDT/H2O/TIS 92.5:2.5:2.5:2.5 (30 mL) with
shaking for 4 h at room temperature. After concentration in vacuo,
the crude peptide was precipitated by addition of cold Et2O
(10 mL), collected by centrifugation, washed twice with Et2O and
dried in vacuo. The crude product was dissolved in H2O+1% TFA
(15 mL) and the solution was stored overnight at 4 C to complete
the deprotection of tryptophan residues. The crude peptide was
then directly puriﬁed by reverse-phase HPLC on a preparative C18
column (Zorbax Eclipse XDB-C18; 21  250 mm, 10 lm, 80 Å)
using a gradient of 15–50% acetonitrile in water (+0.1% TFA) over
16 min. Reduced SP was obtained as a white powder (90 mg,
20.4 lmol, 17% yield). HPLC purity >98% on an analytical C18 col-
umn (Zorbax Eclipse XDB-C18; 4.6  250 mm, 5 lm, 80 Å) using
a gradient of 5–50% acetonitrile in water (+0.1% TFA) over
16 min. Rt = 15.7 min. MALDI-TOF: (m/z) 4429.1 [M+H]+ (±0.1%;
Mcalc. = 4428.1).
The reduced peptide (4.5 lmol, 20 mg) was dissolved in a solu-
tion of ammonium acetate buffer (20 ml, 50 mM, pH 8), and stirred
in air at room temperature for 40 h. The peptide was puriﬁed by re-
verse-phase HPLC on a semi-preparative C18 column (Zorbax
Eclipse XDB-C18; 10  250 mm, 10 lm, 80 Å) using a gradient of
5–50% acetonitrile in water (+0.1% TFA) over 16 min. After lyophi-
lization SP was obtained as a white solid (12 mg) in 60% yield. The
product wasP98% pure by reverse-phase HPLC (analytical C18 col-
umn, Zorbax Eclipse XDB-C18; 4.6  250 mm, 5 lm, 80 Å, using a
gradient of 5–50% acetonitrile in water (+0.1% TFA) over 16 min).Rt = 15.7 min. MALDI-TOF: (m/z) 4427.3 [M+H]+ (±0.1%;
Mcalc. = 4426.3).
Synthetic SP was assayed for oviposition and receptivity accord-
ing to standard procedures [8], and was found to show full activity.
2.2. NMR spectroscopy and structure calculations
1H NMR measurements were performed in H2O/D2O (9:1) or
pure D2O, pH 5.0; or in a mixture (1:1) of triﬂuoroethanol (TFE-
d3) and H2O/D2O (9:1), pH 5.0. Spectra were acquired on either a
Bruker AV-600 or AV-700 spectrometer at 300 K. Data were pro-
cessed using TOPSPIN 2.1 (Bruker) or XEASY [13]. 1D 1H NMR spec-
tra were also recorded at various temperatures (279, 286, 293, 307
and 314 K), pH values (4, 6 and 7) and SP concentrations (0.07,
0.13, 0.27 and 0.68 mM). Water suppression was performed by
presaturation. Spectral assignments were made for water and
TFE/water solutions using 2D DQF-COSY, TOCSY and NOESY spec-
tra. 3JHNa coupling constants were determined from 1D spectra or
from 2D NOESY spectra by inverse Fourier transformation of in-
phase multiplets [14].
[15N, 1H]- and [13C,1H]-HSQC spectra at natural abundance were
recorded using 3 mM peptide samples in H2O/D2O 9:1, and in pure
D2O. Acquisition data were sampled as 1024  128 or 1024  200
complex points in t2 and t1, for the 15N and 13C correlation spectra,
respectively. The 2D data matrices were multiplied by a square-
sine-bell window function and zero ﬁlled to 2  1 k or 2  2 k
points prior to Fourier transformation. Baseline correction was ap-
plied in both dimensions. Spectra were referenced in the direct
dimension to the water signal and in the 15N dimension using
the 15N to 1H frequency ratio of 0.101329118, while carbon refer-
encing was directly performed on the internal TSP standard
(0 ppm).
Distance restraints were obtained from NOESY spectra with a
mixing time of 200 ms. Spectra were typically collected with
1024  256 complex data points zero-ﬁlled prior to Fourier trans-
formation to 2048  1024, and transformed with a cosine-bell
weighting function. The structure calculations were performed by
restrained molecular dynamics in torsion angle space using DYANA
[15], using only the NOE-derived distance restraints. Starting from
100 randomized conformations a bundle of 20 conformations were
selected, which encur the lowest DYANA target energy function.
The program MOLMOL [16] was used for structure analysis and
visualization of the molecular models. The structures have been
deposited in the Protein Data Bank (PDB code 2LAQ).
Time-averaged restrained MD simulations were carried out
using GROMACS v4.5.3 [17] with the AMBER99 force ﬁeld in expli-
cit solvent and periodic boundary conditions. The initial structure
was selected from the calculated NMR structures. The peptide
was placed in a rhombic dodecahedral unit cell with a minimum
distance of 1.2 nm to the box edge. TIP3P water molecules and ions
to counterbalance the peptide charge were added yielding a ﬁnal
system of 16338 water molecules and 5 Cl ions. Steepest decent
minimization was performed. Electrostatics were treated with par-
ticle-mesh Ewald (PME) using a short range cut-off, and a cut-off
for van der Waals forces of 1.4 nm. After 20 ps equilibration with
position restraints on peptide heavy atoms, a 10 ns simulation with
time-averaged NOE distance restraints (Table S3) was performed.
In all simulations the temperature was maintained close to 300 K
by weak coupling to an external bath with a coupling constant of
0.1 ps. The LINCS algorithm was used to constrain all bond lengths.3. Results and discussion
A series of 1D 1H NMR spectra at varying pH and peptide
concentrations revealed only marginal changes in shape and
K. Moehle et al. / FEBS Letters 585 (2011) 1197–1202 1199dispersion of NMR signals, suggesting that the peptide does not
aggregate signiﬁcantly under these conditions. 1H NMR spectra in
water and in TFE/water (1:1) mixtures revealed two species in a ra-
tio of approximately 1:3 and 1:5, respectively, which interconvert
slowly on the NMR timescale, representing cis-trans isomers at the
Trp3-Pro4 peptide bond. The major species was the trans-isomer at
all Xaa-Pro and Xaa-Hyp bonds, as indicated by Ha-Hd NOE con-
nectivities between the corresponding residues. When NMR spec-Fig. 2. 1H and 13C Chemical shift deviations (CSDs) from random coil values for residues
water solution. The asterik shows the positions of hydroxyproline (Hyp) in the sequenctra were recorded in D2O, all the peptide NH groups exchanged
rapidly (within the time of the NMR measurement), indicating
the absence of stable intramolecular hydrogen bonded structures.
Chemical shifts. 1H and 13C chemical shift deviations (CSDs) from
random coil values (Dd = dobserved  drandom) were examined for
indications of regular secondary structure (Fig. 2) [18]. The pat-
terns expected are positive values for DdHa and DdCb and negative
values for DdCa in b-strands, whereas values of opposite sign are1–36 in SP (Dd = dobserved  drandom) for 1Ha (A), 13Ca (B) and 13Cb (C) resonances in
e. Values for Gly Ha are not included.
Table 1
Experimental distance restraints and statistics for the ﬁnal 20 NMR structures
calculated for SP in water and TFE/water.
Water TFE/water
Number of NOE upper-distance limits 266 360
Intraresidue 101 127
Sequential 138 182
Medium- and long-range 27 51
Residual target function value (Å2) 2.43 ± 0.40 1.49 ± 0.11
Residual NOE violations
Number >0.2 Å 32 15
Maximum (Å) 0.5 0.44
Mean rmsd values (Å)
Between Glu2 and Lys8
Backbone atoms 2.05 ± 0.46 1.62 ± 0.54
All heavy atoms 4.62 ± 0.79 3.55 ± 0.97
Between Phe12 and Asn18
Backbone atoms 1.96 ± 0.57 2.10 ± 0.59
All heavy atoms 3.51 ± 0.81 3.62 ± 0.84
Between Lys22 and Cys36
Backbone atoms 2.90 ± 1.31 1.97 ± 0.57
All heavy atoms 4.44 ± 1.61 3.10 ± 0.78
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gion should be interpreted with caution, since they may be inﬂu-
enced by aromatic ring current as well as conformational effects
[20], although analyses of NOEs provide evidence for a b-turn at
the Trp3Pro4Trp5Asn6 motif (see below). In the central Hyp-rich re-
gion (the CSDs of Hyp have not been documented), the DdHa and
DdCa values for non-Hyp residues clearly suggest that b-structure
is favored (Fig. 2). The numerous Hyp residues, however, may have
a special effect on the conformation of the peptide backbone in the
central region. For example, the role of Hyp in stabilizing the triple
helix in collagen is well known [21]. Also, proline residues are gen-
erally restricted to two narrow regions of dihedral space: the a-
helical region at (/,w) = (61,35) and the b-region at (65,
+150) [22,23]. The extended conformation – the so-called left-
handed polyproline II helical conformation (PPII) – is the dominant
fold in pure polyproline peptides. The PPII conformation is an ex-
tended helical structure, with three residues per turn, which does
not form intramolecular backbone hydrogen bonds [23]. While
the PPII helix has a preference for proline residues, it is also found
with other amino acids [23]. Furthermore, proline restricts the pre-
ceding residue to the b-region of dihedral (/,w) space [22]. The
CSDs observed for each amino acid preceding a Hyp residue are
consistent with b- and/or PPII conformations. In the C-terminal re-
gion from Arg20-Asn27, the negative DdHa, positive DdCa, and neg-
ative DdCb values provide support here for nascent helical
secondary structure (Fig. 2). From Cys24 this includes several resi-
dues that form part of the disulﬁde-bridged loop. From Leu28 to the
C-terminus this trend into negative CSDs is less apparent, suggest-
ing that nascent helical structure does not extend into the second
half of the disulﬁde-bridged loop. Interestingly, at the end of the
helical section (Arg20-Asn27) the motif Gly29Pro30Ala31 possesses
a high propensity for b-turn formation. Indeed, NOEs are observed
that support the occurrence of a nascent turn in this region of the
SP backbone (see below).
All measured chemical shifts, including HA, CA, CB, HN and N
(see Supplementary data), were also analyzed using TALOS+, a pro-
gram that exploits the large database of protein NMR data to estab-
lish accurate relations between chemical shifts and backboneFig. 3. NOEs and 3JHNa values observed for SP in (A) water and (B) water/TFE (1:1) solutio
the CH2(d) for P and O residues.torsion angles / andw [24]. Using these data, TALOS+ predicts with
a ‘‘good’’ score (RCI-derived order parameter S2 from 0.69 to 0.77)
that all non-Hyp residues from Phe12-Asn18 will occupy the b-re-
gion, and all residues from Trp23-Leu28 the a-region of /w space.
Coupling constants. Backbone 3JHNa coupling constants 65 Hz
are typical for residues in a-helices and >7 Hz for residues in reg-
ular b-structure [25]. However, most of the 3JHNa values for SP in
water are in the range 6–7 Hz (Fig. 3), which is consistent with a
relatively ﬂexible backbone and/or with PPII conformations. How-
ever, a series of lower 3JHNa values are seen in the region Arg20-
Asn27 in water/TFE, adding further support for nascent helical
structures in this region.
Nuclear overhauser effects. 2D-NOESY spectra revealed few long
range NOEs (see below), suggesting that SP does not adopt a com-
pact folded structure under the conditions tested (Fig. 3). Average
solution structures for SP were calculated with DYANA using NOE-n. The letter ‘‘O’’ indicates hydroxyproline. NOEs shown to peptide NH groups are to
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tained after global backbone superimposition of the ﬁnal 20 struc-
tures. The observed NOEs, however, provide evidence for ordered
secondary structure, or nascent structure, only in distinct regions
of SP, which is supported also by analyses of CSDs and coupling
constants (see above). The three regions of interest are the N-ter-
minal Trp-rich sequence (Glu2-Lys8), the Hyp-rich central region
(Phe12-Asn18), and the disulﬁde-bonded loop region (Lys22-Cys36).
Upon superimposition of these individual regions in the ﬁnal 20
structures, lower backbone rmsd values are obtained (Table 1). In
addition, time-averaged NOE-derived distance restraints were ap-
plied in MD simulations in order to take account of ﬂexibility in
the SP backbone (see Supplementary data, Fig. S2).
In the N-terminal Trp-rich region of SP in TFE/water, sequential
as well as multiple medium range NOEs (between Trp3 and Trp5/
Asn6 – see Supplementary data for a full list of NOE distance re-
straints) provide strong evidence for a well-deﬁned type I b-turnFig. 4. (A) Backbone representation and superposition of the 20 DYANA NMR structures
water (left) and water (right) (the N-terminal region between Trp1 and Lys11 is shown in
terminal residues 1–8 in TFE/water superimposed (using the backbone heavy atoms
Representative side chain orientation in the turn region between 3 and 6. (D) Backbo
(disulﬁde bond in yellow). (E) Ribbon representation of one solution structure of the regi
Leu28 and Trp32 are arranged in a hydrophobic patch.in the WPWN motif. This turn is highly populated in the NMR
structures calculated using DYANA (Fig. 4). This turn occurs in
the trans-Trp3-Pro4 rotamer, and is characterized by the Trp5 side
chain stacking against the pyrrolidine ring of Pro4 (Fig. 4B and C)
and the side-chain of Trp3. A much stronger Pro4 Ha to Trp5 HN
NOE than actually observed would be expected if a type II turn
were formed. Evidence for a type I turn is the upﬁeld shifted Ha
resonance for Pro4 and downﬁeld shifted of Ha in Trp5 (Fig. 2), a
combination that is typical for position 2/3 of only the type I turn
[26]. On the other hand, for SP dissolved in water only two weak
medium range NOEs are seen between Trp3 and Trp5. This suggests
that a nascent rather than a stable turn is populated in this region
in pure water. During the course of 10 ns time-averaged distance-
restrained MD simulations (TAMD) in explicit water solvent, the
Pro4-Trp5 remained in a type I turn (Fig. S2).
In the hydroxyproline-rich central region (Hyp9-Hyp19), only in-
tra-residue and sequential NOEs are observed in both solvents. Thisof SP using the backbone heavy atoms of Phe12 to Asn18 (in blue), observed in TFE/
red, the C-terminal region between Hyp19 and Cys36 in green). (B) The Trp-rich N-
) between Trp3 and Asn6 (in orange), showing the type I b-turn at WPWN. (C)
ne representation and superposition of SP in TFE/water between Hyp19 and Cys36
on Hyp19-Cys36 showing the nascent helical element. The side chains of Trp23, Leu26,
1202 K. Moehle et al. / FEBS Letters 585 (2011) 1197–1202and the observation of strong Ha(i)-Hd(i + 1) and weak or absent
HN(i)-Hd(i + 1) NOEs, for each Xaa-Hyp pair, are consistent with
extended and/or PPII conformations in this region. The same con-
clusion was also suggested from the CSD data, discussed above. It
seems that this region may be extended and semi-rigid, as seen
in the NMR structures shown in Fig. 4. The TAMD simulations sup-
port the high propensity of PPII conformations in this region,
although turn conformations were also observed at Ser16-Hyp17,
and Hyp19-Arg20 (see Supplementary data).
In the region of the disulﬁde-bonded loop (Arg20-Cys36), a series
of sequential HN-HN as well as medium range Ha(i)-NH(i + 2) and
Ha(i)-NH(i + 3) NOEs are seen from Arg20 to Asn27, particularly in
water/TFE mixture. These NOEs are characteristic of a-helical con-
formations, or a nascent helix (in water) in this region, as sug-
gested also by the CSD data discussed above. However, the
TAMD simulations (Fig. S2) suggest more ﬂexibility may be present
in this region. A reversal of the peptide chain direction is needed
for disulﬁde ring closure at the C-terminus, which is achieved by
a turn conformation at Pro30-Ala31. A strong HN-HN NOE between
Trp32-Ala31, a Ha–HN NOE between Trp32-Pro30, as well as the up-
ﬁeld shifted HN of Trp32 also support the occurrence here of turn-
like structures. A type-I b-turn conformation at Pro30-Ala31 is also
stably maintained in the TAMD trajectory (Fig. S2), in agreement
with the NMR data. Furthermore, long range NOEs between the
side chains of Leu26-Trp23, and between Trp23, Leu28 and Trp32 indi-
cate that these amino acid side chains are clustered into a hydro-
phobic patch on the same side of the macrocycle (Fig. 4).
Consistent with this clustering is the upﬁeld shift of the Asn27 side
chain protons, which in DYANA structures come into close contact
to the Trp23 aromatic side chain. However, no evidence of regular
secondary structure was observed in the ﬁnal C-terminal segment
between Trp32 and Cys36.
The overall picture to emerge from these studies is of a ﬂexible
peptide that lacks a compact folded structure, but which neverthe-
less possesses elements of nascent secondary structure in distinct
regions, in aqueous solution. This nascent structure becomes more
pronounced in water/TFE mixtures. The N-terminal Trp-rich region
contains a motif WPWN that forms type I b-turns. This turn region
is connected to a central Hyp-rich region, which populates an ex-
tended and/or PPII-like conformation. Finally, towards the C-termi-
nus and the disulﬁde-bonded loop, a region of nascent helical and
another b-turn is found. These distinct regions of nascent second-
ary structure may be important for recognition of SP by its various
cellular receptors.
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